Recently, an exact Eulerian-Lagrangian theory of advective transport in spacetime random velocity fields was developed by one of us. We present a formal extension of this theory that accounts for anisotropic local dispersion. The resultant (conditional) mean transport equation is generally nonlocal in space-time. To assess the impact of local dispersion on the prediction of transport under uncertainty, we adopt a first-order pseudoFickian approximation for this equation. We then solve it numerically by Galerkin finite elements for two-dimensional transport from an instantaneous square source in a uniform (unconditional) mean flow field subject to isotropic local dispersion. We use a higherorder approximation to compute explicitly the standard deviation and coefficient of variation of the predicted concentrations. Our theory shows (in an exact manner), and our numerical results demonstrate (under the above closure approximations), that the effect of local dispersion on first and second concentration moments varies monotonically with the magnitude of the local dispersion coefficient. When this coefficient is small relative to macrodispersion, its effect on the prediction of nonreactive transport under uncertainty can, for all practical purposes, be disregarded. This is contrary to some recent assertions in the literature that local dispersion must always be taken into account, no matter how small.
Introduction
Fluid flow and transport of dissolved constituents through geologic media are strongly influenced by spatial variations in permeability and, to a lesser extent, porosity. These variations cannot generally be described in all their details and are therefore uncertain. They produce spatial fluctuations in the subsurface fluid velocity which are likewise uncertain. To deal with these uncertainties, hydrologists have resorted to a stochastic description of subsurface flow and transport. The emphasis in these theories has been more on field-scale heterogeneities than on local phenomena such as laboratory-scale dispersion. Several stochastic transport theories disregard local dispersion completely, on the assumption that its effect on the prediction of transport under uncertainty (owing to incomplete knowledge of the advective velocity field, which is therefore treated as random) is secondary to that of macrodispersion (which is in large part a consequence of such uncertainty). Among such purely advective transport theories are those attributable to Simmons [1982] , Rubin [1990] , Dagan et al. [1992] , Cushman and Ginn [1993] , Neuman [1993] , Rajaram and Gelhar [1993] , Shvidler [1993] , Naff [1994] , and Zhang and Neuman [1995a, b, c, d] .
Recently, the validity of purely advective transport theories was questioned by Kapoor and Gelhar [1994a, b] on the premise that these theories do not include a mechanism to destroy concentration fluctuations created by the gradients in the mean concentration field. In their view the spatiotemporal evolution of the concentration coefficient of variation is singularly determined by the dissipating action of local dispersion, and therefore there is a stark qualitative and quantitative contrast between the hypothetical hyperbolic-nondissipative zero local dispersion case corresponding to pure advection and the more realistic parabolic-dissipative case obtained with local dispersion. They therefore conclude that it is critically important to include the dissipation action of local dispersion in any realistic assessment of concentration fluctuations at large time, no matter how small the local dispersivities are. In other words, even minuscule local dispersion leads to predictions that are fundamentally and significantly different from those obtained without it. To address this in practice, Kapoor and Gelhar recommend that detailed measurements of local dispersivities be made along with a characterization of hydraulic conductivity variations to assess contaminant concentrations in aquifers and that numerical approximations adequately model the spatial derivatives of the concentration field, which control the local dispersive flux.
Local dispersion is also important for the understanding of plume dilution. As pointed out by Kitanidis [1994] , the rate of dilution depends only on local dispersion and on the shape of a plume. The higher the local dispersion coefficient is and the more distorted and striated a plume is, the higher the rate of dilution is. Whereas advection may distort a plume, it does not bring about dilution. Therefore, if local dispersion were neglected, there would be no dilution regardless of how nonuniform the advective velocity field might be. Kitanidis proposed a dilution index to quantify this phenomenon: the growth rate of the index is zero in the absence of local dispersion. On the basis of a study of dilution in two nonreactive tracer experiments at the Borden and Cape Cod sites, Thierrin and Kitanidis [1994] have concluded that there is a need for theoretical studies aimed at predicting dilution in heterogeneous media as a function of time or distance from the source.
The present paper contributes to the discussion about the role that local dispersion plays in the prediction of nonreactive transport through randomly heterogeneous media. We wish to emphasize at the outset that our concern is not with the undeniably important role that local dispersion plays in the actual spread and dilution of a plume. Instead, we ask what role must local dispersion play in predicting such spread and dilution when there is uncertainty about the spatiotemporal distribution of local-scale advective fluid velocities. When the advective velocity is uncertain, so are the spread, dilution, and concentrations of a plume. The same is true about Kitanidis's [1994] dilution index, which is defined by the author in terms of actual (hence uncertain) rather than predicted concentrations. Since the actual spread, dilution (including index), and concentrations of a plume cannot be quantified with certainty, the question of how they might depend on local dispersion is at best of academic interest. Much more relevant questions are how to predict plume behavior under uncertainty and how to assess the quality of such predictions. We address this latter question by extending the exact Eulerian-Lagrangian theory of purely advective transport in space-time nonstationary velocity fields, developed by Neuman [1993] , to include local dispersion. The theory and its proposed extension describe the manner in which the (conditional) mean and second moment of plume concentrations evolve in space-time under uncertainty. The (conditional) mean concentration constitutes an optimum unbiased predictor of the (unknown) actual concentration, and the (conditional) second moment is a measure of the associated prediction error. On the basis of these one can predict various aspects of plume behavior, including spread and dilution, as well as assess the uncertainty associated with such predictions. Hence a key question to ask is, What effect does local dispersion have on the evaluation of (conditional) mean and second moment of plume concentrations?
We find that the (conditional) mean concentration in a nonstationary velocity field is controlled by a nonlocal transport equation: the same result was found earlier by Brady [1987, 1988] for unconditional transport in space-time stationary fields. To assess the impact of local dispersion on transport, we adopt a first-order pseudo-Fickian approximation for this equation. We then solve it numerically by Galerkin finite elements for two-dimensional transport from an instantaneous square source in a uniform (unconditional, statistically homogeneous) mean flow field. We use a higher-order approximation to compute explicitly the standard deviation and coefficient of variation of the predicted concentrations. Our theory shows (in an exact manner) that the effect of local dispersion on first and second concentration moments varies monotonically with the magnitude of the local dispersion tensor. In the limit, as this tensor becomes small relative to macrodispersion, its effect on the prediction of nonreactive transport under uncertainty tends monotonically to zero. We support this theoretical conclusion by numerical examples which however depend on our particular choice of closure approximations and flow regime.
Theory
Like Neuman [1993] , we start by defining the velocity vector v(x, t) on a local volume support , centered about the point x in a system of Cartesian coordinates (t representing time), and postulate that, first, analogy to Fick's first law applies so that
when the solute mass flux J(x, t), the local dispersion tensor D l , the concentration c(x, t), and its gradient ٌc(x, t) are representative of , and that, second, all the quantities in (1) can be evaluated locally with the aid of existing measurement and interpretive methods. Upon combining this with the principle of mass conservation one obtains an operational representation of Fick's second law,
Here g(x, t) is random solute source with independently prescribed statistical properties, defined on . The fluid velocity satisfies a local (transient) flow equation
where f(x, t) is a random fluid source function (and/or an accumulation term involving the time derivative of head), defined on , whose leading joint moments with v are known. The local dispersion term is commonly written as
where D m is an effective molecular diffusion coefficient, I is the identity tensor, ␣ is a constant dispersivity tensor, and v is the magnitude of v. There have been numerous attempts to derive ␣ theoretically, and we refer the interested reader to work by Bear [1972] , Kim et al. [1987] , Dullien [1992] , and Quintard [1993] . These theories suggest that in locally isotropic media, ␣ has a principal (longitudinal) component ␣ L parallel to the velocity vector v, and principal (transverse) component ␣ T normal to v. In practice, ␣ L is usually obtained by fitting the results of laboratory column experiments to onedimensional analytical solutions of (2) while treating v as a constant. The transverse dispersivity ␣ T is then taken to be some fraction of ␣ L (often 0.1). Stochastic models that account for local dispersion either take D l to be constant or set D l ϭ D m I ϩ ␣͗v͘ where ͗v͘ is the unconditional ensemble mean of v. In this paper we adopt the first approach.
In the manner of Neuman [1993] , we write where ͗ ͘ c indicates ensemble mean conditioned on measurements, and primed quantities represent random fluctuations about the corresponding conditional means. The former can be viewed as unbiased predictors of their random counterparts, and the latter as the associated prediction errors. If ͗v(x, t)͘ c constitutes a minimum variance predictor of v(x, t), then ͗c(x, t)͘ c and ͗J(x, t)͘ c constitute similar optimum predictors of c(x, t) and J(x, t), respectively. Taking conditional ensemble mean of (2) yields
where Q c (x, t) ϭ ͗v(x, t)cЈ(x, t)͘ c is a conditional dispersive flux vector. In deriving (7) and his Eulerian-Lagrangian expression for Q c , Neuman [1993] disregarded D l . We now formally include this tensor as detailed in Appendix A. We find that for zero initial concentration, the dispersive flux is then given exactly by
where ␣ c , ␤ c , ␥ c are conditional kernels independent of g. The latter are defined precisely by the formal expressions
where c(x, t͉, ) is the random concentration at (x, t) due to an instantaneous point source of unit mass (normalized by porosity) of solute introduced at (, ), 0 Յ Յ t; the tilde over v implies that v is immune to operations with respect to x and t; and fЈ is the zero mean random fluctuation in f about its conditional mean ͗f͘ c . It is clear that the dispersive flux is generally nonlocal and non-Fickian. The conditional covariance of concentration prediction errors is given exactly and explicitly by ͗cЈ͑y, s͒cЈ͑x, t͒͘ c ϭ F c ͑y, s; x, t͒ ϩ G c ͑y, s; x, t͒ (12) where F c and G c are derived in Appendix B. Like Q c , F c and G c involve the function c(x, t͉, ).
Expressions (8)- (12) look exactly like those of Neuman [1993] except that the functional form of c(x, t͉, ) is now different. In Neuman's paper, c(x, t͉, ) satisfies a pure advection equation with D l ϭ 0 and is given by c(x, t͉, ) ϭ ␦[ Ϫ ()], where ␦ is the Dirac delta function and () is the random position at time , 0 Յ Յ t, of an indivisible particle which, at a later time t, is found at the downstream location x. In our paper c(x, t͉, ) satisfies the advection-dispersion equation (2). Our results therefore reduce to those of Neuman [1993] in the limit as D l tends to zero. This clearly shows in a rigorous theoretical manner that purely advective transport is nothing but a limiting case of the more general advectivedispersive transport problem considered in this paper. Near this limit, when D l is small, its influence on transport is likewise small. We illustrate this below by means of numerical examples.
Approximations
We consider below the special case where v is divergencefree, satisfying ٌ ⅐ v ϵ 0. In this case f ϵ fЈ ϵ 0 and therefore ␥ c in (11) vanishes. Next, we evaluate ␤ c in (10) to first order in the conditional velocity variance c 2 . This calls for a zeroorder approximation of c(x, t͉, ) via c͑x, t͉, ͒ Ϸ P c ͑x, t͉, ͒
where P c ( x, t ͉ , ) satisfies the conditional advectiondispersion equation
Clearly, P c (x, t͉, ) is the concentration at (x, t), owing to an instantaneous point source of unit mass (normalized with respect to porosity) introduced at (, ) into the conditional mean velocity field in the presence of local dispersion. Approximation (13) renders ␣ c Ϸ 0 in (9), and (10), where the last term is the conditional Eulerian covariance of velocities. Hence the dispersive flux becomes, to first order in c 2 ,
In the unconditional case where ͗v͘ is uniform, P is Gaussian and given by
where k is the number of space dimensions and ͗v͘ is now a constant. The unconditional version of (15), coupled with (16), is similar to published first-order results [e.g., Deng et al., 1993; Kapoor and Gelhar, 1994, equation (5) 
where D c (x, t; t o ) is a conditional field-scale dispersion tensor which, to first order, is given by
Deng and Cushman [1995] have compared (15) and (17)- (18) for the unconditional case, referring to (15) as a convolutionFickian expression and evaluating it in Laplace-Fourier space. They found that the two yield similar first and second spatial moments of ͗c͘ but different third spatial moments. Conclusions reached by Kapoor and Gelhar [1994a, b] about the importance of local dispersion, some of which we have mentioned in the introduction, are based on a further unconditional approximation of (17) in which D is replaced by its large-time Fickian asymptote. Deng and Cushman [1995] did not discuss the second ensemble moment ͗cЈcЈ͘ of c.
In the absence of local dispersion (
where ͗()͘ c is the conditional mean position at time , t o Յ Յ t, of a particle reaching x at time t. Then (18) reduces to
which corresponds to (12) of Zhang and Neuman [1995a] . In the unconditional case of uniform mean steady state flow,
For an instantaneous point or nonpoint source under a pseudo-Fickian regime, the conditional mean concentration ͗c(x, t͉t o )͘ c satisfies the advection-dispersion equation
where the solute source term
for a point source of mass M o and g(x) ϭ s o / for a nonpoint source with a specific rate s o (mass per unit length, area, or volume), being porosity. The covariance of the prediction errors is given by (12) in terms of two functions, F c and G c . When the fluid source term f is known with certainty (as in the case considered here) and the solute source term g is uncorrelated with the velocity v (see Zhang and Neuman [1995d] for a discussion of when this condition is satisfied), substituting (B4) and (B5) into (B2) in Appendix B and replacing c by ͗c͘ c yields the following expression for F c :
This is equivalent to the weak approximation proposed by Neuman [1993, equation (C9) ] and used by Zhang and Neuman [1995a, equation (16) ], except that now ͗c͘ c is influenced by local dispersion. Zhang and Neuman have shown that in the absence of local dispersion, the weak approximation is superior to direct and pseudo-Fickian linearizations at and near the center of the plume, though not necessarily far from this center. The corresponding approximation for G c is obtained upon substituting (B6) into (B3), recognizing that g is uncorrelated with c, and taking g to be uncorrelated with v:
Computational Results and Discussion
To examine the effect of local dispersion on solute transport, we present below some unconditional examples of plumes emanating from an instantaneous nonpoint (square) source in two dimensions. We assume that the log transmissivity Y ϭ ln T is a statistically homogeneous field with zero mean ͗Y͘, unit variance Y 2 , and unit integral scale . The kinematic (effective) porosity is arbitrarily set equal to 0.3, and the unconditional mean velocity has only one nonzero component, ͗v 1 ͘ ϵ 0.1 (in arbitrary units), parallel to x 1 . The square source extends over an area of 2 by 2. It has a total mass of one unit and acts at a known specific rate of ͗g͘ ϵ s o / ϭ 0.25/0.3 so that gЈ ϵ 0. We compute the velocity covariance analytically by using the first-order expressions of Rubin [1990] , evaluate the effective dispersion (macrodispersion) coefficient in (18) by numerical integration, solve the mean pseudo-Fickian advection-dispersion equation (20) by standard Galerkin finite elements, and evaluate the variance of the prediction errors by numerical integration of (21). This approach is similar to that of Zhang and Neuman [1995a] except that they have computed early time results analytically, without invoking the pseudoFickian approximation. In the unconditional case, evaluation of the unconditional macrodispersion coefficients is independent of the finite element grid. The mean concentration can be solved for in a system of coordinates that move with the constant mean velocity. We do so using a computational domain of size 16 by 8 with 41 rows and 81 columns of orthogonal grid lines. The source lies at the center of the grid, and element sizes increase gradually with distance from the center. equal to each other, as indicated in parentheses in Figure 1) ; all D terms are given in arbitrary units of velocity times length. Since ͗v 1 ͘ ϭ 0.1, the corresponding isotropic local dispersivity is ␣ l ϭ 10D l . The impact of local dispersion on larger-scale effective dispersion is seen to diminish gradually as the magnitude of the former approaches zero; when D l Յ 0.001, it has virtually no impact on D 11 and only a minor impact on D 22 . We note with interest that local dispersion causes D 11 to decrease and D 22 to increase relative to their magnitudes under pure advection. Clearly, D 11 and D 22 under pure advection represent extremes which approach each other, and the local dispersion coefficient D l , as the latter increases. The reader should have recognized that by letting the transverse local dispersion coefficient equal to its longitudinal counterpart, we intentionally exaggerate the effect of local dispersion on transport. (18) and (20), standard deviation (Sd) of the associated prediction error as computed by means of (21), and the corresponding coefficient of variation (Cv), as functions of the local dispersion coefficient D l (indicated as D lL ϭ D lT in parentheses). The profiles extend along the dimensionless longitudinal axis X ϭ x 1 / and the dimensionless transverse axis Y ϭ x 2 / at dimensionless time t v ϭ 1. We remind the reader that whereas ͗c͘ is approximated to first order, Sd is approximated to a higher order. As demonstrated by Zhang and Neuman [1995a] , the profiles of Cv resulting from the nonlinear weak approximation can be trusted at and near the plume center, where the coefficient of variation increases with distance from the center, but not along the margins, where it decreases with distance. Along the margins a linearized pseudo-Fickian approximation of Cv (Figures 2a, 2c , and 2e) and transverse profiles (Figures 2b, 2d , and 2f) of ͗c͘, standard deviation (Sd), and coefficient of variation (Cv) across plume center of mass at dimensionless time t v ϭ 1 for various isotropic local dispersion coefficients (in parentheses).
would have been better. This notwithstanding, Figure 2 clearly demonstrates that the impact of local dispersion on the first and second ensemble moments of concentration gradually diminishes as D l becomes smaller and smaller. Whereas profiles of ͗c͘ are affected in an obvious way only by D l Ͼ Ͼ 0.001, those of Sd and Cv are affected significantly by D l Ն 0.001. When D l ϭ 0.0001 its effect on ͗c͘, Sd, and Cv is minuscule. Note that even though Sd and Cv appear to be zero at the plume center, they are not; this is shown more clearly in Figure  3 . Figure 3 illustrates how local dispersion affects temporal variations in Sd and Cv at the center of the plume. The standard deviation of the prediction error is seen to increase quite rapidly with dimensionless time toward a peak then to decrease monotonically at a reduced rate. The peak, associated dimensionless time, and recession limb of Sd increase monotonically toward finite values corresponding to pure advection (upper curve in Figure 3a) as D l decreases toward zero. Cv first increases but then stabilizes asymptotically at a value which depends on D l . The smaller D l is, the larger the asymptotic value of Cv is, and the later it is reached. We expect both the asymptotic value of Cv and the dimensionless time t v at which it is reached to increase monotonically toward infinity as D l approaches zero and thus to be very large when D l is very small. Consistent with our theory but contrary to that of Kapoor and Gelhar [1994a, b] , we see no evidence that a minuscule local dispersion coefficient may lead to behavior of either Sd or Cv that is fundamentally and significantly different from that predicted without it. Instead, our results suggest that the effect of local dispersion on the prediction of larger-scale nonreactive transport under uncertainty diminishes gradually as D l approaches zero. As D l increases, the concentration second ensemble moment and coefficient of variation gradually decrease toward zero.
Our results and conclusions appear to be quite insensitive to the manner in which we account for local dispersion in the analysis of larger-scale transport. The approach taken in this paper to compute macrodispersion coefficients may become computationally very demanding in all but the simplest unconditional cases considered by us thus far. To avoid this difficulty, we have recently proposed a simpler conditional theory that allows greater computational efficiency [Zhang and Neuman, 1995e; Zhang, 1995] . In it we formally split the velocity field into two uncorrelated components, one acting on the local scale and the other on a larger scale. Fluctuations in the local velocity manifest themselves as local dispersion on the larger scale. Figures 4a and 4b compare the profiles of ͗c͘ as computed by us earlier with those obtained by the method just described; Figures 4c-4f show similar comparisons for Sd and Cv. We wish to emphasize that the Sd and Cv profiles in Figure  4 are computed using the higher-order weak approximation (21), not the linearized pseudo-Fickian approximation described by Zhang and Neuman [1995e] and Zhang [1995] , based on the respective mean concentrations ͗c͘. For D l values at least as large as 0.01, the two sets of results are for the most part indistinguishable from each other.
Conclusions
We draw the following major conclusions from our paper: 1. The exact conditional Eulerian-Lagrangian theory of advective transport in random velocity fields, developed earlier by Neuman [1993] and implemented in part numerically by Zhang and Neuman [1995a, b, c, d] , has been extended here to account for anisotropic local dispersion. Our aim in developing this theory was not to quantify the undeniably important role that local dispersion plays in the actual spread and dilution of a plume. Instead, we asked what role must local dispersion play in predicting such spread and dilution when there is uncertainty about the spatiotemporal distribution of local-scale advective velocities. Our nonlocal theory shows in an exact manner that the effect of local dispersion on first and second conditional concentration moments (i.e., on optimally predicted concentrations and on a measure of the associated prediction errors) varies monotonically with the magnitude of the local dispersion tensor. In the limit as this tensor becomes small relative to macrodispersion (which in turn reflects uncertainty about advective velocities), its effect on the prediction of nonreactive transport tends monotonically to zero. This does not mean that local dispersion has no effect on actual plume spread and dilution, only that its impact on the prediction of plume behavior under uncertainty is much smaller than that of such uncertainty. In this sense our theory contradicts the assertion of Kapoor and Gelhar [1994a, b] , that the prediction of transport with local dispersion, no matter how small, differs fundamentally and significantly from that of advective transport without local dispersion.
2. We have implemented our advective-dispersive EulerianLagrangian theory of transport numerically in two spatial dimensions without conditioning. Our numerical results reflect the particular choice of closure approximations we have adopted (first-order pseudo-Fickian for ensemble mean concentrations, higher-order weak approximation for second moment of concentrations) as well as our particular choice of flow and transport regimes with isotropic local dispersion. They nevertheless confirm numerically our theoretical prediction that there is a gradual transition from advective-dispersive to purely advective behaviors of ensemble mean concentrations, Sd of the associated prediction errors, and the corresponding Cv as the local dispersion coefficient approaches zero. Our results also demonstrate that a sufficiently large local dispersion coefficient may have a significant impact on these quantities.
3. Our two-dimensional numerical results show that local dispersion causes a reduction in longitudinal macrodispersion and an increase in transverse macrodispersion. The prediction error Sd at the center of a plume increases quite rapidly with dimensionless time toward a peak and then decreases monotonically at a reduced rate. The peak, associated dimensionless time, and recession limb of Sd increase monotonically toward finite values corresponding to pure advection as the local dispersion coefficient (D l ) decreases toward zero. Cv first increases but then stabilizes asymptotically at a value which depends on D l . The smaller D l is, the larger the asymptotic value of Cv is, and the later it is reached. We expect both the asymptotic value of Cv and the dimensionless time t v at which it is reached to increases monotonically toward infinity as D l approaches zero and thus to be very large when D l is very small. Consistent with our theory but contrary to the assertion of Kapoor and Gelhar [1994a, b] , our numerical results show no (Figures 4a, 4c , and 4e) and transverse profiles (Figures 4b,  4d , and 4f) of ͗c͘, Sd, and Cv across plume center of mass at t v ϭ 1 as obtained here and by the method of Zhang [1995] and Zhang and Neuman [1995e] for various isotropic local dispersion coefficients (in parentheses).
evidence that a minuscule local dispersion coefficient may lead to behavior that is fundamentally and significantly different from that predicted without it. Instead, these results confirm our theoretical conclusion that the effect of local dispersion on the prediction of nonreactive transport under uncertainty diminishes gradually as D l approaches zero. When local dispersion is significant, so may be its effect on the prediction of transport.
Appendix A
In a manner analogous to that of Neuman [1993] but now including local dispersion, we define a random Green's function Ᏻ(, ͉x, t) which satisfies the stochastic advectiondispersion equation
subject to the terminal condition
The solution takes the form Ᏻ͑, ͉x, t͒ ϭ ͓H͑ Ϫ t͒ Ϫ 1͔͑, ͉x, t͒
where H is the Heaviside function and, as we shall soon see, is the adjoint of the random concentration c. Writing (2) in terms of (, ), multiplying by Ᏻ(, ͉x, t), and integrating yields 
Integrating by parts with respect to subject to (A2) and the zero initial condition on c and then applying Green's identity (once to the second term and twice to the third term) yields 
One may recast (2) as ᏸc͑x, t͒ ϭ g͑x, t͒ ͑Lϩ͒c͑x, t͒ϭg͑x, t͒
where ᏸ and are stochastic operators, and L is a deterministic operator, defined such that 
On the basis of (B13) of Neuman [1993] ,
we have
for any forcing function h(x, t). Setting h equal to the righthand side of (A15) and taking conditional ensemble mean yields 
which is similar to (B15) of Neuman [1993] . From (A7) and (A17) we have
which demonstrates the self-adjoint nature of (2): (x o , t o ͉x, t) is seen to be the adjoint of the concentration c(x, t͉x o , t o ) at (x, t) owing to the introduction of a unit (normalized) solute mass at (x o , t o ). In Appendix B and in the main text we write c(x, t͉, ) instead of (, ͉x, t) wherever the latter would appear. In the absence of correlation between v and g, (A18) and (A19) lead directly to (8)- (11) upon replacing y by x.
